The fundamental study of the microstructural and textural evolution of Yttria-Stabilized Zirconia (YSZ) thin films is of great importance as the crystallographic properties are intimately related to their extrinsic or functional properties. In order to study these properties, YSZ thin films were 
Experimental setup
Reactive unbalanced magnetron sputtering was used to deposit YSZ thin films. All thin films were deposited on amorphous glass substrates (76 mm x 22 mm) in a stainless steel vacuum chamber. This chamber was pumped via a combination of a turbo-molecular and a rotary pump, reaching a base pressure of 10 -4 Pa. Two magnetrons were positioned 45° to the substrate holder and metallic Y and Zr targets were mounted, respectively. The substrate holder was grounded and was neither heated nor cooled during the deposition. The oxygen flow was oriented directly to the substrate, maximizing film oxidation and avoiding target poisoning. Prior to the beginning of the deposition, experimental conditions were stabilized by protecting the substrate with a shutter. The magnetrons are powered using a DC power supply (Hüttinger Elektronik), working minutes. All YSZ coatings were transparent, fully oxidized in the cubic phase and presented biaxial alignment, i.e., there is not only a preferential out-of-plane orientation, but also an inplane orientation of the constituent crystallites. Further experimental details can be found in Lamas et al. [19] .
The film composition was measured using energy-dispersive X-ray spectroscopy analysis (EDX) and micrographs were obtained via scanning electron microscope (SEM). X-ray diffraction (XRD) in theta-2theta configuration was performed on all samples and the data was converted to a polar plot graph. Pole figure measurements, using a Sol-X energy dispersive detector, were used to evaluate the crystallinity and the biaxial alignment of the YSZ thin films. In these pole figures, χ (polar angle) was varied from 0-80° and φ (azimuthal angle) from 0-360°, in steps of 5°.
The determination of the energy flux was performed using a passive thermal probe [20] . The thermal probe was positioned in the center of the sample holder. The experimental conditions remained the same as mentioned above. mm. Other parameters such as discharge currents, Zr T-S distance (90 mm) and deposition time remained constant. The O 2 flow varied from 1.2 to 3 sccm depending on the target erosion and on the gas pressure. Moreover, the highest deposition rate was assured to completely oxidize the films in the metallic mode. Film thicknesses were encountered between 0.5 to 1 µm depending on the Y T-S distance and composition.
In our previous work, the out-of-plane preferential orientation of these films was shown in a polar plot graph [19] . The orientation of a crystal with known unit cell dimensions can be represented in this plot. The main advantage of this representation is that influences generated by the proximity of certain cubic crystal directions or a possible rotation of the crystal are easily detected. Furthermore, the preferential orientation of the film can easily be appointed. particles is defined considering the specific mass and thickness of the film [22] . The flux of metal particles is then given by equation (1)
where e is the elementary charge, N A is the Avogadro's constant, R d is deposition rate (thickness of the sample related to a specific composition divided by deposition time), %Y and %Zr are the atomic percentage of metallic Y and Zr, respectively, M is the molar mass and ρ is the density of both oxides.
The flux of metal particles is not only related to the Y T-S distance but also to the gas pressure.
In Fig. 2b both influences are shown. With the change of Y T-S distance to higher values, there is a reduction of the flux of metal particles because of the small solid angle and the increase of the gas scattering. The effect of the pressure is mainly due to the lowering of the discharge voltage at higher pressures [23] [24] [25] [26] , reducing the sputter yield of the target material.
Two hypotheses can be proposed to explain the textural change of the thin films. One is based on the mobility of the arriving species defining the growth zone in the extended structure zone model. The mobility is defined by the total energy per deposited atom (EPA), which is the ratio between the thermal flux and the flux of metal particles. This relation provides more information on the possible effect of energy on the film growth mechanism. As demonstrated in Fig. 2c , the increase of the gas pressure from 0.5 to 0.95 Pa increases the total energy per deposited atom [27, 28, 29] . This effect can be understood from the almost constant energy flux and the lowering of the deposition rate. The ratio between the EPA at low pressure and high pressure is only 1.5.
Moreover, the change within one pressure series is also quite small. Therefore, the noticed textural changes as shown in Figure 1 are hard to explain from a change in the EPA. Indeed, as
shown before by our research group [30, 31] , a textural change could be explained by a transition from zone T to zone II growth. However, for this kind of transition to happen, the mobility, and therefore the EPA, must drastically increase. Typically, the EPA changes over an order of magnitude. The reason for this drastic increase is due to target poisoning, reducing the deposition rate substantially. In this study, target poisoning was prevented by the use of a local oxygen inlet, resulting in a minor change of the deposition rate (see Figure 2b ).
Another hypothesis to explain the textural change of the thin film is based on previous work published by our group. It was shown that the nature of the adsorbing reactive gas species out-of-plane orientation is noticed at low atomic oxygen concentration. In both cases, there is no microstructural change, i.e. the films grow with a zone T microstructure. However, by working in metallic mode, the concentration of oxygen in the plasma is very low [32] . Therefore, it can be expected that also a change of the nature of the adsorbing reactive species from molecular to atomic cannot explain the noticed behavior.
3.3 Growth model of YSZ thin films SEM images of the surface and cross section at low and high pressures can help to elucidate the growth behavior of the YSZ thin films. Fig. 3 represents the cross sections and a plan view of the YSZ at different conditions. The columnar structure is clearly observed in the cross sections. At low pressure (Fig.3a, b and c) the V-shaped facetted columns are clearly identified, and the pyramidal surface shape can be clearly seen in Fig. 3b . At high pressure however, a distorted Vshape is present. This distortion can be related with the mobility of adparticles and the flux of material arriving on the substrate since the energy per deposited atom is higher as shown in Fig.   2c . Furthermore for these conditions, a thicker columnar structure is observed in the film due to the higher amount of energy per adparticle delivered to the growing film and hence, an increased mobility of the adparticles.
In agreement with the discussion in section 3.2, the transition from zone T growth to zone II, which was hinted by the XRD polar plot analysis, is not recognized by the SEM analysis, excluding the hypothesis that the transition is due to the small increase of the EPA. As this observation is completely contradictory to the general accepted behavior for the growth of thin films, more detailed results are discussed.
The following section, based on pole figure plots, will elucidate which preferential orientation is present in the films and hence how these films' growth fit in the ESZM. This loss can be related to the mobility of the adparticles and also to the angular spread of the incoming material [18] . At higher pressure the arrival angle of the adparticles is strongly influenced by the collisions with the gas atoms, changing their direction towards the film surface, resulting in a less defined directed flux of the arriving atoms. In Fig. 6c, it In order to further prove that the tilt follows the smallest ionic radius, the substrate angle was changed towards the Y target and also to the Zr target and the results are displayed in the next section.
Changing substrate angle
As verified above, the geometrical configuration of the magnetrons and substrate are of fundamental importance for the growth of YSZ thin films. In order to evaluate the tilt behavior in YSZ thin films, measurements with different substrate angles were performed based on the geometrical factor, i.e., the configuration of magnetrons and substrate in the chamber.
The experiments follow the procedures explained in section 2. However, the measurements were only performed at low pressure. The inclinations of the substrate were +7.4° and -7.4°, where the positive sign indicates a tilt towards the Y target while the negative indicates a tilt towards the Zr target. The 0° tilt refers to the data discussed in section 3.1. However, when the substrate angle is changed, the position of the Y and Zr target are different from the initial one (when substrate angle = 0°). This leads to different starting angles as can be seen at low composition in Fig. 7a and b. Although we do see a change in the curve slope at low composition when the substrate angle is different, the mechanism that leads to these different angles is still unclear. These data were analyzed by statistic t-tests demonstrating to be significant at low pressures. At approximately 25 at.% Y, there is a change of the slope of the curve and no significant difference is further noticed among the angles.
In short, it was determined that the change of tilt is related to geometrical factor since the growing of the [200] and its direction in the lattice was dependent on the substrate angle. A change of the substrate angle might change the starting angle of the tilt but does not change the columnar behavior of the tilted growing film. This behavior is yet unclear, and more work will help in unraveling this behavior.
Conclusion
Based on the XRD/polar plot analyses, a transition was determined in the out-of-plane This mechanism is not yet clear.
In the presence of a tilt of the cubic lattice, the XRD identifies other directions which do not represent the real out-of-plane preferential orientation. It is important when working with a dual magnetron sputtering, to be aware of this when conclusions are made based on the XRD,, in order to avoid misleading information. As presented in this work, polar plot analysis and pole figures can be a very accurate technique to identify the preferential orientation of thin film and its behavior. However, it was shown that the polar plot can be interpreted in two different ways and that pole figures become, then, a necessity to distinguish between the two interpretations. 
